The scanning performance of wide-angular scanning linear arrays is primarily degraded by the limited angular profile of the employed elements' patterns. This paper introduces an innovative strategy for compensating this degradation by using subarrays. Our design uses a uniform linear array with half-wavelength spaced elements, supplemented by subarrays that are symmetrically placed at its edges. The employed subarrays have controlled patterns, favoring some directions for effective scan-loss compensation (SLC) and suppressing other directions for lowering the sidelobes level (SLL). Two types of feeding configurations, making use of fixed power dividers in combination with 1-bit phase switch, are used for producing the desired patterns. The complete array design and physical validation, starting from the elements, continuing with the subarrays and ending with the system integration are also discussed in detail. The integration of the subarrays yields notable performance improvements at large scanning angles when compared with uniform linear arrays. The peak and first SLL of −14.1 dB, and the SLC of 2 dB are obtained when the array with CUP antennas as elements is scanned to the maximum scan angle direction.
I. INTRODUCTION
Modern radar applications are conditioned by the progress in the design and modular implementation of electronic beam scanning array antennas [1] . A particularly testing class of radar applications are those requiring circular beam scanning. Such a functionality is typically implemented via facetted architectures, in which case ensuring the facet-to-facet handover requires beam scanning within at least ±60 • with respect to the facet's broadside. Concurrently, reliable target identification entails challenging upper bounds for sidelobe levels in terms of the first SLL (FSLL)-for sensitivity, and the peak SLL (PSLL)-for false-alarm mitigation.
Ensuring wide-angle scanning in phased arrays has long been known to be an exacting task, as demonstrated by early works such as [2] - [4] . More recently, studies have dealt primarily with the effects of mutual coupling [5] - [17] and scan-loss [18] - [23] .
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In this paper, we particularly focus on the scan-loss problem defined herein as the degradation of the array maximum gain with respect to that of the zero scan angle, which occurs due to the decaying pattern of the element at larger angles. Scan-loss compensation was achieved in [18] - [20] using a pattern-reconfigurable antenna (PRA) with an integrated adjustable element pattern to compensate the loss at large scan angles. A broad-beam antenna element was proposed for counteracting the element's beamwidth limitation [21] - [23] . At this point, we note that this superior performance was obtained at the expense of (occasionally, extreme) technological intricacies due to the complexity of the system and design.
Meanwhile, controlling the SLL in a linear array has also been investigated in the previous literature. The use of amplitude tapering for lowering the SLL was reported in [24] , [25] , but it leads to lower radiated power efficiency. In [26] and [27] , the corporate series feeding was used for realizing the non-uniform amplitude. Another approach for mitigating the SLL by adopting non-uniform element positions with uniform amplitudes was introduced in [28] - [30] and has been improved in [27] and [31] . However, the non-uniform placement of the array elements results in a low aperture efficiency. Lately, some researchers investigated such solutions as the combination of the amplitude tapering and non-uniform element positions [32] , and the use of PRA [33] . However, such solutions lead to high system complexity and inflexibility.
Controlling SLL by using subarrays has been previously explored, examples being the sunflower concept [34] , the overlapped arrays concept [35] - [37] , or the approach in [38] , [39] . Although these designs do deliver superior SLL performance, their practical implementation is intricate (specific tiles in [34] or complicated beam-forming networks [35] , [36] , [38] , [39] ). Moreover, they are only meant for broadside direction or extremely narrow beam scanning (a few degrees) [40] .
Subarrays have also been used for wide-angular scanning applications, such as in [41] where a 2-element subarray consisting of broad-beam elements, with complicated design, is used. An innovative and effective approach for ensuring wide-angle scanning was proposed in [42] and [43] . For overcoming the scan-loss, those papers proposed accommodating subarrays with a purposefully tailored radiation pattern inside non-uniform arrays to provide scan-loss compensation (SLC). Specifically, pattern-optimized subarrays were inserted in the empty spaces inside a linear array generated via the deterministic placement in [30] and [44] . This strategy resulted into a 50 λ-long linear array (with λ being the freespace wavelength at the operating frequency f ) providing lower than 3 dB peak directivity excursion and low FSLL over a ±60 • scanning range.
Building up on [42] and [43] , the present paper discusses a highly innovative strategy for simultaneously compensating the scan-loss and lowering the SLL in linear arrays. This objective can be fulfilled by using subarrays with asymmetric patterns. Such patterns are obtained by adjusting the amplitude and phase of the subarray elements. Two types of subarrays, containing 2 and 3 elements, will be employed. These subarrays will be symmetrically placed at the array's edges for enabling beam scanning over a wide, symmetrical with respect to broadside, angular range. The array is fully implemented via Cavity-backed U-slotted Patched (CUP) antennas [43] that lend themselves to low-cost, single-layer printed-circuit-board (PCB) technology fabrication. The subarrays are designed in a modular manner, with the radiators and the feeding networks being realized on a common PCB board. For enabling the symmetric scanning, the feeding networks also incorporate a simple, 1-bit phase switch. Our design procedure also results in a linear array with uniform amplitude and fewer K -bit phase shifters than a dense array of the same length. All subarrays have been manufactured and fully validated via physical measurements. The full array performance was then inferred via off-line post-processing.
The paper is organized as follows: Section II discusses some conceptual prerequisites and the general array architecture. Section III concerns the design of the subarrays for lowering the scan-loss and SLL. The subarrays development via numerical simulations, fabrication and validation via physical measurements are presented in Section IV. In section V, the full array performance including optimum subarrays is evaluated. Finally, it is closed by formulating conclusions.
II. CONCEPTUAL BASIS
Consider an arbitrary linear, non-uniform array with N radiators located on a λ/2-spaced lattice along the x-axis, with elements located at x n , with n = 1, . . . , N and x 1 = 0 (see Fig. 1a ). The radiation pattern of the array is calculated for ϑ ∈ [−π/2, π/2], where ϑ measures the tilting with respect to the array broadside direction [45] . The progressive phase is employed in the standard manner for beam steering. The array is designed for wide angular scanning (−60 • ϑ 60 • ), scanning towards ϑ > 0 • and towards ϑ < 0 • being henceforth termed as ''positive'' and ''negative'' scanning directions, respectively.
As stated in the previous section, our strategy to SLC relies on integrating subarrays with an optimized pattern in the linear array configuration. There are two types of subarray configurations used in this paper, namely a 3-element and a 2-element one. Both configurations make use of phaseshifting networks, as shown in Fig. 1b . For each subarray, there is a reference element (printed in blue) located at, say,
x n that also induces the subarray progressive phase shift at its input port. The other elements (in red) are spaced at λ/2. The subarray elements are each fed with a fixed amplitude and phase, these parameters being preset via power division networks. To be able to ensure the needed functionality, these power division networks also contain 1-bit, switch-based phase shifters.
The two types of subarrays have the following features:
• The 3-element subarrays are optimized (elements' amplitudes and phases) for lowering the SLL in conjunction with SLC. The amplitudes of the center, left and right side elements are defined as A 3C , A 3L , and A 3R , respectively, while the phases of the center, left and right side elements are defined as ψ 3C , ψ 3L , and ψ 3R , respectively (see left side figure of Fig. 1b ).
• The 2-element subarrays are optimized (elements' amplitudes and phases) for enhancing the SLC. The amplitudes of the left and right side elements are defined as, A 2L , and A 2R , respectively, while ψ 2L , and ψ 2R are the phases of the left and right side elements, respectively (see right side figure of Fig. 1b ). For both subarrays, the phases of the left and right side elements have the same value but different signs for positive and negative scanning directions. Therefore, 1-bit phase switches are needed to switch the phase values of the left and right side elements for different scanning directions.
Subsequently, the optimized subarrays are integrated into the linear array. The new linear array including subarrays, located at x 3 , x n , x N −1 is shown in Fig. 1c . It is noticed that the number of phase controls in the transmit/receive (T/R) modules is determined by the sum of individual elements and subarrays. Moreover, there are two extra 1-bit phase switches per subarray for phase adjustment. The symmetrical placement of subarrays in the array is required in order to generate symmetric patterns for (near) broadside scanning while maintaining symmetric behavior for wide-angular, positive and negative scanning.
III. MODULAR SUBARRAY DESIGN
To design the subarray, target requirements should be determined, for example the scanning direction, the maximum scan angle, and the angular range in which the SLL needs to be lowered. A design with good SLC and low SLL while scanning over the angular domain in the area of −60 • < ϑ < +60 • is the main target. The amplitudes and phases of subarray elements are considered to achieve the target.
In [43] , unequal symmetric subarray amplitudes and phases are used to produce an enhanced pattern at large angles. The enhanced subarray pattern could give the wanted SLC. However, this configuration leads to high SLL in other areas. Therefore, a novel analytical approach for designing subarrays to compensate for scan-loss while keeping SLL at an acceptable level is a major topic of the paper.
After a good subarray design has been obtained, the next step is realizing the modular subarray. For realization, a planar and PCB-based elementary radiator is proposed in order to achieve high-cost effectiveness. Besides that, microstripbased power divider networks are also designed to produce the desired coupling values for feeding the subarray elements. All PCB-based designs in this paper are using Rogers with dielectric constant r of 3.35 for the substrate material.
A. SUBARRAY DESIGN
Combining SLC with SLL suppression is optimally achieved by employing subarrays with a higher gain in (an angular interval around) the array scanning direction, and damped everywhere else. Since wide-angular scanning is aimed at, the subarrays are designed to favor the range +30 • to +60 • (positive scanning). To this end, we opt for scanning the subarrays at +51 • , with an entailing progressive phase of 140 • between subarray elements. These phase shifts must be reversed for scanning at negative directions. Note that, in order to level the SLL profile for broadside scanning (and, possibly, within a reduced angular range about broadside), symmetrically located subarrays will make use of a symmetric combination of subarray inter-element phase shifts. Since only one fixed phase shift is required within subarrays, this functionality can be straightforwardly implemented by using suitably chosen line lengths and switches, this amounting to implementing 1-bit, (true-time-delay) phase switch. Functionally, the needed combination of switched routes can be easily implemented in the array's control unit. To conclude with, the subarray elements are also placed on a λ/2 lattice. The two types of subarrays are now discussed separately.
1) 3-ELEMENT SUBARRAY
With reference to Fig. 1b , the elementary amplitudes are chosen as A = [0.41; 0.82; 0.41], ensuring a unit-power at the subarray input feeding port and, moreover, a single-lobe radiation for broadside scanning (see [45, Section 6.8.3] ). The subarray phase center coincides with that of the central element, that also gives the reference phase at the subarray feeding port. The phase shifts for the left and right elements, in this order, are chosen as ±140 • for positive scanning and ∓140 • for negative scanning. The array factor (AF) of a 3-element subarray is shown in Fig. 2a . The pattern for positive scanning is maximized in the 35 • < ϑ < 60 • range and minimized in the −30 • < ϑ < −5 • range, where SLL will be effectively suppressed, and the other way around for negative scanning.
2) 2-ELEMENT SUBARRAY
With reference to Fig. 1b , the elementary amplitudes are chosen as A = [0.7; 0.7], corresponding to a uniformly-fed, 2-element array with unit-power at the subarray input feeding port. The subarray phase center is halfway between the two elements, implying for the selected 140 • progressive phase (positive scanning) phase shifts of ±70 • for the left and right elements, respectively, with respect to the input port. The AF of the 2-element subarray is shown in Fig. 2b , the obtained pattern being largely similar to the one in Fig. 2a , with a maximized region in the 30 • < ϑ < 65 • range and a minimized one in the −20 • < ϑ < −10 • range for positive scanning.
B. ANTENNA ELEMENT DESIGN
The CUP antenna (see Fig. 3 ) is selected because it combines easy manufacturing with effective suppression of substrate coupling by means of the vias enclosing. The design and simulations have been discussed in [43] . Layout and dimensions of the CUP antenna design that operates at 3 GHz are also indicated there. The antenna is symmetric about the x-axis but asymmetric about the y-axis due to the shifted position of the feeding point.
C. POWER DIVIDER DESIGNS
The power dividers required by the subarray designs are designed and simulated in CST Microwaves Studio R . Two power divider designs are shown in the left-hand side of Fig. 4a and 4b , for the 2-way and 3-way power dividers, respectively. The 2-way power divider is designed based on a quadrature-hybrid coupler with port 1 as an input port, ports 2 and 3 as output ports with equal power, and port 4 as an isolated port terminated on a 50 load. The desired phase difference between the output ports of 140 • is implemented by extending the feeding lines.
The 3-way power divider design shown in Fig. 4b consists of two cascaded quadrature couplers with port 1 as an input port, and ports 2, 3 and 4 as output ports having powers 
IV. VALIDATION OF MODULAR SUBARRAYS
The modular subarrays described in the previous section have been manufactured. Measurement and simulation results are described in the following paragraphs.
A. PHYSICAL IMPLEMENTATION OF THE MODULAR SUBARRAYS
The CUP antenna was etched with double platted, drilling and via-platting. The SMA coaxial connector was VOLUME 7, 2019 soldered manually. The manufactured antenna is displayed in Fig. 3 and the power dividers are shown in the right-hand side of Fig. 4a and 4b . Note that in the present implementation the phase shift is hardwired for positive scan angles. Clearly, the final realization will require a switchable line network for implementing the 1-bit phase switch. The fabricated 2-element and 3-element subarrays, including the power dividers, are displayed in Fig. 5a and 5b, respectively. The cables for different ports have different lengths for ensuring the correct phase shifts among the subarray elements.
B. MEASUREMENT SETUP
The manufactured subarrays, with the pertaining power dividers, were fully measured. Firstly, S-parameter measurements were carried out via a two-port VNA. All inactive ports were terminated with 50 loads. The radiation patterns were measured in a small RF anechoic chamber. The antennas under test (AUT) were mounted on the non-metallic pole of the turntable, at 1 m height above the ground. Measurements were done via a standard-gain horn located at 2 m of the AUT, ensuring far-field conditions for the considered frequency and device dimensions. Pattern measurements are only reliable for angles between ±90 • due to the existence of a power divider at the back of each subarray.
C. SIMULATED AND MEASURED SYSTEM PERFORMANCE OF THE MODULAR SUBARRAYS
The S 11 simulation and measurement results of the CUP antenna are presented in Fig. 6a . It can be seen that the antenna is extremely well matched at 3 GHz, with a return loss of about −40 dB. The simulated and measured H -plane patterns (see Fig. 6b ) are also in good agreement, the small deviations being attributable to imperfections in the measurement setup, i.e. 0.8 dB difference between measured and simulated patterns at 0 • direction. To conclude with, the phase pattern in Fig. 6c is almost flat.
The adequate performance of the 2-way and 3-way power dividers is illustrated in Fig. 7 -its discussion will focus on the measured results. To begin with, both power dividers show very good matching at the input port, with |S 11 | being below −15 dB over the examined bandwidth and below −25 dB at the operational frequency of 3 GHz. As for the insertion loss, in the case of the 2-way divider, the measured |S 21 | and |S 31 | reproduce remarkably well the required −3 dB transfer, with a negligible supplementary loss due to unavoidable that were specified in III-A. For the phase measurements, additional calibrated lengths of semi-rigid coaxial cables were added at the output ports. In the case of the 2-way divider, a phase difference of 139 • is obtained at the operational frequency, a very good replication of the required 140 • phase shift. In the case of the 3-way divider, the phase difference between S 21 and S 41 is 217 • = 360 • − 143 • and that between S 21 and S 31 is 141 • , again in excellent agreement with the needed ±140 • phase feeding. As expected, all phase plots are, practically, linear over the examined bandwidth. This implies that the patterns of the resulting subarrays and, later on, the full array are, for all purposes, independent from frequencies in that range.
Simulated and measured patterns of the modular subarrays at 3 GHz are presented in Fig. 8 . The magnitude patterns of the 2-element subarray in the left-hand side of Fig. 8a have maxima around ϑ = +30 • and minima around ϑ = −10 • , whereas the magnitude patterns of the 3-element subarray in the left-hand side of Fig. 8b exhibit maxima around ϑ = +35 • and minima around ϑ = −15 • . These pattern characteristics are in agreement with the design. The phase patterns are presented on the right side of Fig. 8 . Both the measured magnitude and phase patterns are in good agreement with the simulation results within ±90 • . The measured subarray performance warrants their proper operation when integrated in the envisaged wide-angular-scanning linear arrays. 
V. ARRAY ARCHITECTURE DESIGN A. DESIGN STRATEGY
As elaborately discussed in the Introduction, precluding wide-angular scanning radiation degradation in combination with low SLL while also maintaining high radiation efficiency is a challenging task. Henceforth, a novel, effective strategy for achieving these operational goals is described:
1) Start with a λ/2-spaced, uniform linear array (ULA).
Since the half-power beamwidth of the array is determined by the array length [46, Eq. (19.7.6) ], the length of the array and, implicitly, the total number of elements N follows directly from the required beamwidth (a design specification). 2) Select a Taylor amplitude taper for ensuring the expected SLL; use this amplitude taper, via a moving average strategy, for thinning later in steps 3 and 4, with all kept elements being fed with the same (unit) amplitude. 3) Divide the ULA into a center part, and two symmetrical edge parts, depending on the corresponding moving average criterion: the center part corresponds to the region where the moving average is above a certain threshold -no thinning will be applied in that region; the remainder of the array will constitute the edge parts. 4) Carry out the thinning in the edge parts -this will yield empty spaces for accommodating subarrays. 5) Insert optimized subarrays in the empty spaces that can accommodate them -this will ensure SLC and a firstlevel SLL reduction. 6) Optimize the subarray positions to enhance SLL reduction. 
B. ARRAY ARCHITECTURE
The detailed description of the array synthesis starts from a linear λ/2-grid array with 41 elements, implying that the total array length is 20λ. The low SLL tapering used in the second step is a standard Taylor taper [45, Section 7.6] with −30 dB SLL. In step 3, we choose 0.64 as the threshold, being the average over all elements of the 5-point moving averaged Taylor-tapered amplitudes of the array. Applying this threshold, 21-element center part and two 10-element edges are obtained. However, later after thinning the edges in step 4, there are 3 edge elements, on each side, adjacent to the center part that are left ON and, consequently, are included into the center part. As the result, there are 27 elements in the center, i.e. elements 9 to 35 in Fig. 9 , and 7 elements in each edge, i.e. elements 2 to 8 and 36 to 42.
To implement thinning on the edges, we apply ON/OFF condition to each element such that a 5-point moving average over all seven elements in one edge approximate the Taylor amplitudes in that area. The resulting thinned array is shown in Fig. 9 (blue elements). The ON elements are then replaced by subarrays with a unit amplitude, the resulting available space accommodating two 3-element and one 2-element subarrays. The edge-most elements, i.e. elements 2 and 42, each become the center element of a 3-element subarray by adding one extra element on each side. The total number of antenna elements now is 43, but the number of K -bit phase shifters is only 33 with extra 10 1-bit phase switches.
Step 6 in our design strategy amounts to optimizing the spacing between subarrays such that to enhance the SLL reduction. There are three distances that are optimized, namely D x1 , D x2 , and D x3 , indicated in Fig. 9 . The optimization is conducted by using a grid search strategy. It is found that the optimum values are, D x1 = −0.5λ, D x2 = 0.2λ, and D x3 = 0.1λ. From the result, D x1 = −0.5λ means that the neighbouring subarrays are overlapped: The right side element of the first 3-element subarray coincides with the left side element of the second 3-element subarray. When two elements coincide, the number of elements is reduced. In this case, there are 2 elements less, for both edge-parts. Therefore, the total number of elements becomes 41 with the same 33 + 10 phase controls. The feeding of the overlapped elements requires combining the signals that should have been fed to the corresponding elements in the initial 3-element subarrays. The relevant signals are combined via a phase-balanced power combiner and a delay line to correct the phase. Fig. 10 .
C. ARRAY VALIDATION
The pattern calculation is conducted in the post-processing by using the embedded element pattern method [47] . The element patterns (EP) are obtained from the measurement of CUP antennas arranged in a 3-element linear array configuration. The pattern comparison concerns the following arrays: (i) our final design, denoted as FC; (ii) a reference 41-element ULA, denoted as RA − 1, having (approximately) the same length as our final design; (iii) a reference 41-element equally-spaced array with −30 dB Taylor taper, denoted as RA − 2. The comparison for scan angles of 0 • , 30 • and 60 • are shown in Fig. 10a, 10b, and 10c , respectively. The phases of the subarray elements are made to be symmetric to produce a symmetric pattern only for scanning in −10 • < ϑ 0 < 10 • and asymmetric for scanning to large angles. It can be seen that the mainlobe level of FC has less reduction while scanning to 60 • , compared with the other two configurations. The best PSLL and FSLL are obtained from RA − 2 due to the use of the amplitude tapering. The PSLL value is equal to FSLL for RA − 1 and RA − 2 due to their periodicity. Meanwhile, FC gives PSLL and FSLL values better than those of RA − 1.
All key radiation performances while scanning shown in Fig. 10 are summarized in Table 1 . The scan-loss of FC at 60 • is only −6.5 dB instead of −8.5 dB which is the case in RA − 1 and RA − 2. The −8.5 dB scan-loss can be traced back to the EP magnitude at 60 • of a measured CUP pattern. The half power beamwidth (HPBW) enlargement for FC while scanning is lower than the other two configurations, for which HPBW at ϑ 0 = 60 • is twice the one corresponding to broadside scanning. Maximum FSLL and PSLL of FC for scanning to ϑ 0 = 60 • are 0.4 dB and 1 dB lower than for ϑ 0 = 0 • , respectively. Meanwhile the FSLL and PSLL increment at larger scanning angle for the other configurations are more than 2 dB. Last but not least, the FC has 8 K -bit phase shifters less than the other two configurations and only add 10 1-bit phase switches.
To show the advantage of the proposed concept, the scanloss as a function of (positive) scan angles is presented in Fig. 11 . It can be seen that while scanning to 60 • the maximum gains for RA − 1 and RA − 2 degrade by 8.5 dB, while the scan-loss of FC is increasing from broadside up to 20 • and decreasing at larger scan angles. At 60 • scan angle, it degrades by only 6.5 dB with respect to broadside scanning direction. This demonstrates the compensation of the scanloss. Moreover, the PSLL and FSLL as functions of (positive) scan angles shown in Fig. 12 also indicate the excellence of the proposed concept. The FSLL and PSLL with scan angle of FC are less increasing, while for the other two configurations, the increment is more remarkable. Although the SLL of RA−2 is always lower than FC and RA−1, RA−2 requires attenuators to realize the amplitude tapering, which also implies degradation in efficiency.
The above results demonstrate that the integration of subarrays into a linear uniform array following the previously outlined procedure is able to achieve wide angular scanning and a low SLL while maintaining the array efficiency.
VI. CONCLUSION
Design and experimental validation of the integration of modular subarrays in the linear array for lowering the scan-loss and SLLs at large scan angles due to the limited bandwidth of the EP have been reported. The design procedure has been presented, starting with a ULA with half-wavelength spacing being thinned at the edges to provide spaces for subarrays. The subarrays have controlled patterns, favoring some directions for an effective SLC and suppressing other directions to lower the SLL. To produce the desired patterns for positive and negative scan angles, two types of feeding configurations are used with fixed power dividers in combination with 1-bit phase switches.
The experimental validation using an array with CUP elements and employing two 3-element subarrays and one 2-element subarray at each edge shows that it outperforms a ULA with half-wavelength spacings of the same length in scan-loss, SLL and the number of phase controls. When the dense array is Taylor-tapered for −30 dB SLL, the array with integrated subarrays is only worse in SLL, but excels in scanloss, power efficiency and the number of controls. A strong and prime conclusion for using subarrays can, therefore, be that the integrated optimized subarrays are giving substantial performance improvement for a linear array antenna.
